Introduction
Oxidative stress is the resultant damage that arises due to redox imbalances, more specifically an increase in destructive free radicals and reduction in protection from antioxidants and antioxidant defence pathways. In living organisms, antioxidant enzymes form the first line of defence against reactive oxygen species (ROS) in the cellular environments [1] . The key enzymes involved in the protection against oxidative stress include superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX). These enzymes work in tandem to decrease the damaging effects of ROS in cells. However, living organisms developed several other defence mechanisms to cope with oxidative stress. For example, in the unicellular organism Escherichia coli, level of fumarase C (a key enzyme in Krebs cycle catalysing the reversible hydration/dehydration of fumarate to malate) which is insensitive to superoxide anions, increases during oxidative stress, probably to replace fumarases A and B which are susceptible to damage by superoxide anions [2] . In mammals, there exist 'sacrificial agents', for example albumin, which are oxidized preferentially under oxidative stress conditions to protect important biomolecules [3] . These observations suggest that living organisms may use a wide range of biomolecules and mechanisms other than antioxidant enzymes to ameliorate the damaging effects of ROS. Interestingly, virus-infected host cells can undergo membrane transitions, which are generally referred to as 'cytomembraneous inclusions'. The basis for this interesting observation has yet to be established although there are numerous reports that the virus-induced convoluted membranes are essential for viral replication and assembly [4] . It has been shown that virus-induced 'cytomembraneous inclusions' are indeed cubic membranes (CMs) [5] . It was further speculated that these membrane complexes could provide partial protection against host immune response [4] . Possibly, the formation of convoluted CMs in the host upon viral infection serves to protect the viral genome, especially RNA viruses [4] , from oxidative stress generated by defence mechanisms.
It is well known that total removal of the food organism (Paramecium multimicronucleatum) from amoeba Chaos carolinense culture (starvation condition) induces greater levels of free radicals than continuous fed cells [6] . Meanwhile, starvation induces CM formation within C. carolinense mitochondria. CMs have been observed in numerous cell types from all kingdoms of life and in virtually any membranebound subcellular organelles. This induced membrane transition is frequently accompanied by alterations in cellular oxidative stress response which led to speculation that CM formation may be associated with oxidative stress [6] . In addition, CM mitochondrial particles are able to uptake and retain short segments of nucleic acids in vitro; we have, therefore, proposed that CM may act as a 'protective' shelter to minimize or prevent the oxidation of biologically essential macromolecules such as micro RNAs (miRNA) [7] .
In this study, we investigated the enzymatic antioxidant activities as well as oxidative damage biomarkers in starved amoeba C. carolinense in correlation with the potential role of CM as an optimal intracellular membrane organization for macromolecule protection against oxidative damage.
Material and methods

Amoeba culture
Amoebae (C. carolinense) were cultured in flat-bottomed glass dishes at room temperature in an appropriate inorganic medium both in the presence of the amoeba food (fed condition) and in its absence (starved condition) as described earlier [8] .
Measurement of reactive oxygen species production via electron paramagnetic resonance
Fed and starved amoebae C. carolinense were homogenized in 1 ml of 1 mM a-phenyl-N-tert-butylnitrone (PBN), then the same amounts of proteins in the homogenized samples were immediately frozen by immersion in liquid nitrogen. For specific electron paramagnetic resonance (EPR) analysis, samples were thawed on ice, mixed with 1.5 ml of spectroscopic-grade toluene and centrifuged at 2000g for 5 min at 48C. The upper phase was collected for spectral analysis using a Bruker (Bruker BioSpin GmbH, Rheinstetten/Karlsruhe, Germany) Elexsys Series E500 CW-EPR X-band (9 -10 GHz) spectrometer with these settings: 50 mW microwave power, 9. 
Glutathione peroxidase level measurement
Fed and starved C. carolinense cells were homogenized in cold buffer (i.e. 50 mM Tris-HCl, pH 7.5, 5 mM EDTA and 1 mM DTT) separately, then same amounts of proteins in the homogenized samples were spun at 9300g for 15 min at 48C. Supernatant was collected subsequently. An assay buffer and a mixture (of NADPH, glutathione and glutathione reductase) were added in quantities of 120 ml and 50 ml, respectively, for background control while fed and starved amoeba lysate supernatants (20 ml each) were each separately mixed with 100 ml assay buffer and 50 ml mixture. Cumene hydroperoxide (20 ml) added as the initiator is reduced to oxidized glutathione by GPX, which is then reduced back to the reduced glutathione by glutathione reductase and NADPH. The NADPH oxidation to NADP þ was accompanied by reduction in the absorbance at 340 nm which indicates GPX activity.
Superoxide dismutase level measurement
SOD levels in the samples were determined with the SOD Assay Kit purchased from (Cayman Chemicals, catalogue no. 706002) following the manufacturer's protocol. Mitochondria were isolated from starved and fed amoeba [9] . Same amounts of mitochondrial proteins were resuspended in HEPES buffer (in accordance with Cayman Chemicals protocol) and the superoxide reaction was initiated by the addition of 10 ml xanthine oxidase to the samples. After 20 min of incubation at room temperature the absorbance (OD) was read at 450 nm for SOD activity measurement.
2.4. Oxidative damage assessment 2.4.1. Thiobarbituric acid reactive substances assay Malondialdehyde (MDA) concentrations were determined in fed and starved amoeba C. carolinense cells using thiobarbituric acid reactive substances (TBARS) Assay Kit (Cayman Chemicals). Both fed and starved samples were homogenized in 250 ml of 1Â phosphate buffer saline using a 5 ml glass homogenizer (Teflon Potter Elvehjem). A measure of 105 ml of sodium dodecylsulfate (SDS) was then added to same amount of proteins in the homogenized samples in glass test tubes (Kimble, Division rsfs.royalsocietypublishing.org Interface Focus 7: 20160113 of Owens-Illinois) and mixed by swirling 4 ml of the colour reagent containing thiobarbituric acid added to the samples and incubated in a water bath over a stir plate (Sybron Thermolyne Nuova II) at 908C for 1 h. The samples were subsequently incubated on ice for 10 min to stop the reaction and spun for 10 min at 1600g at 48C. The absorbance (OD) was measured at 533 nm.
Protein carbonyl concentration measurement
Fed and starved amoeba samples were lysed and the cell lysates were each transferred separately to a 2 ml microtube (Axygen) and spun at 186g for 6 min at 48C. The supernatants from the same amount of proteins in the homogenized samples were transferred to another 2 ml microtube (Axygen) and they were spun again at 1015g for 12 min at 48C. Mixtures of 100 ml supernatants from fed and starved samples (which resulted from the second spin) were each mixed with 100 ml of SDS in separate tubes and further separated into two microtubes (Axygen)-100 ml each. A measure of 400 ml of 2,4-dinitrophenylhydrazine was added to the sample tube while 400 ml of 2.5 M HCl was added to the control tube. Both tubes were incubated in the dark at room temperature for 1 h, and subsequently mixed with 500 ml of 20% trichloroacetic acid (TCA). Tubes were incubated on ice for 30 min and spun at 10 961g for 10 min at 48C. The supernatants were discarded and the pellets were resuspended in 1 ml of 1% TCA and incubated on ice for 5 min and spun at 10 961g for 10 min at 48C. The pellets were then washed in 1 ml of (1 : 1) ethanol/ethyl acetate mixture and spun at 10 961g for 10 min at 48C. Following that, they were resuspended in 220 ml of guanidine hydrochloride. The supernatant from each tube was then transferred to a 96-well plate and OD was measured at a wavelength of 375 nm to determine the protein carbonyl concentrations.
Determination of DNA and RNA oxidative damage
Trizol reagent (Gibco Life Technologies) was used to extract DNA and RNA from fed and starved amoeba samples according to manufacturer's instructions. 8-Hydroxydeoxyguanosine (8-OHdG) and 8-hydroxyguanosine (8-OHG) concentrations were determined.
Following OHdG EIA Assay Kit (Cayman Chemicals), DNA extracted from the same amount of proteins in the homogenized fed and starved amoeba C. carolinense cells was incubated with four units of DNase I for 1 h at 378C and one unit of alkaline phosphatase for 1 h at 378C. The samples were boiled for 10 min and 50 ml of the sample, 5 ml of acetylcholinesterase linked to 8-OHdG and 50 ml of monoclonal antibody to 8-OHdG were added into each well in the plate coated with goat anti-mouse immunoglobin G. The plate was then incubated for 18 h at 48C before the wells were rinsed with wash buffer. A measure of 200 ml of Ellman's reagent was added to each well and the OD was read at a wavelength of 412 nm after 60 min. 8-OHdG concentrations obtained were adjusted according to DNA concentrations measured previously.
Following Oxiselect Oxidative RNA Damage Enzyme-linked Immunoassay Kit (CellBioLabs), RNA extracted from fed and 7-day-starved amoeba C. carolinense samples was incubated with 5-20 units of RNase A for 1 h at 378C and 5-10 units of alkaline phosphatase for 1 h at 378C. A measure of 100 ml of 8-OHG conjugate was added to each well of the protein binding plate, which was then incubated overnight at 48C. The wells were subsequently blocked with 200 ml of assay diluent for 1 h at room temperature before the plate was transferred to 48C. The assay diluent was removed from each well and 50 ml of each sample was then added to each well and incubated at room temperature for 10 min on an orbital shaker. A measure of 50 ml of the diluted anti-8-OHG antibody was then added to each well and incubated at room temperature for 1 h. The wells were washed with 250 ml of 1Â wash buffer per well before 100 ml of the diluted secondary antibody-enzyme conjugate was added to all wells and incubated at room temperature for 1 h. Finally, 100 ml of substrate solution was added to all wells and the plate was incubated at room temperature. After 2-30 min, the enzyme reaction was stopped by adding 100 ml of stop solution into each well. The plate was read at a wavelength of 450 nm using an OD reader. OHG concentrations obtained were adjusted according to RNA concentrations measured previously.
Assessment of antioxidant properties of cubic membrane in vitro
Isolated mitochondria from starved amoeba C. carolinense and mouse liver mitochondria (50.4 mg protein) were mixed with 17.8 mg of oligonucleotides (ODNs) (5 0 -TCGGGGAGCGTGCGC-CAT-3 0 , 1st Base Holdings) separately. The mixtures were incubated for 1 h at room temperature. To start the Fenton reaction, 0.03% H 2 O 2 and 0.026 mM FeSO 4 were added to the mixtures and incubated at 378C for 1 h8 [10] . Starved amoeba C. carolinense mitochondria and mouse liver mitochondria were subsequently pelleted from the mixture by spinning at 1015g for 12 min at 48C and 6713 g for 10 min at 48C, respectively; 25 ml of 5 M sodium chloride (NaCl) and 375 ml of ice-cold ethanol were added to the supernatant followed by overnight incubation at 2208C. The mixture was then spun at 10 961g for 30 min and the ODN pellets recovered were dissolved in 50 ml of 10 mM NaOH. The concentration of ODNs in each solution was determined using a Nanodrop spectrophotometer (Biofrontier, ND-1000). The isolated ODNs were then assessed for damage using the 8-OHdG enzyme immunoassay kit as described above.
Statistics
All data are expressed as means + s.d. (n as indicated in the figure legends). Paired Student's t-test and ANOVA test were performed in this study, and the statistical significance was set at p , 0.05.
Results
Starved amoeba Chaos carolinense generates higher levels of superoxide
The production of superoxide by both fed and starved cells was measured using EPR technique. EPR signal of PBN was specific for superoxide anion (figure 1). The amplitude of EPR signal was lower in fed cells than in starved cells indicating that the superoxide production is at a higher level in starved cells than in fed cells. The result obtained is consistent with the previous experimental work that was conducted earlier [6] .
3.2. Antioxidant enzyme activity is lower in starved amoeba Chaos carolinense when compared with fed cells
The CAT activity in fed amoeba C. carolinense was relatively higher than that of the starved amoeba cells ( figure 2) . Similarly, the enzyme GPX showed a higher activity in fed cells than in starved cells ( figure 2 ). This kinetic study implies that fed amoeba cell has a higher activity of GPX than starved one. The mitochondrial SOD enzyme activity rsfs.royalsocietypublishing.org Interface Focus 7: 20160113 was found to be higher in starved amoeba samples compared with fed amoeba; however, the cytoplasmic SOD activity in 7-day-starved cells showed similar activity in comparison with fed cells (figure 2).
Starved amoeba
Chaos carolinense has less lipid peroxidation and RNA damage, but similar protein and DNA damage when compared with fed cells
As superoxide and hydrogen peroxide production were higher in starved amoeba cells and the activities of antioxidant enzymes were lower than in fed cells, we further investigated the effect of the extent of oxidative stress on cellular biomolecules. Multiple oxidative damage biomarker levels in fed amoeba C. carolinense were compared with that in 7-day-starved cells. TBARS assay was used to assess lipid peroxidation [11, 12] . The data showed that the levels of MDA formed in peroxidizing lipid systems [13] in fed amoeba were approximately threefold greater than in starved cells indicating higher lipid peroxidation in fed amoeba ( figure 3a) . On the contrary, protein carbonyl content in cytosolic lysates of fed amoeba C. carolinense was an average of 6.17 nmol mg 21 protein while that of starved amoeba C. carolinense with cubic mitochondria was an average of 8.64 nmol mg 21 protein (figure 3b).
Furthermore, the quantification of 8-OHdG and 8-OHG, products of DNA and RNA damage, respectively, showed significantly low RNA oxidative damage (figure 3d) but not DNA oxidative damage (figure 3c) in starved amoeba when compared with fed cells.
Isolated mitochondria with cubic membrane organization protect short segment of nucleic acids against oxidative damage in vitro
The results from the RNA oxidative damage assays suggest that a protective mechanism was in place to protect RNA strands in starved amoeba C. carolinense from oxidative damage; thus, a subsidiary experiment was performed to test if CMs play a direct role in this antioxidant effect. In this experiment, mitochondria with CM organization were isolated from 7-day-starved amoeba C. carolinense and the mitochondria without CM were isolated from mouse liver. Same amounts of mitochondrial proteins from 7-daystarved amoeba C. carolinense and mouse liver were incubated with ODNs in separate tubes before the mixture was exposed to superoxide anions from the Fenton reaction. After exposure to the Fenton reaction, the ODNs were isolated and assessed for oxidative damage. As shown in figure 4 , the amount of 8-OHdG in the mixture with cubic mitochondria was approximately four times less than the amount of 8-OHdG incubated with non-cubic mitochondria. Similar findings were obtained when mitochondria from fed amoeba with tubular membrane organization were used as a control. 
Discussion
It has been established that the inner mitochondrial membrane of starved amoeba C. carolinense exhibits cubic morphology [14] . The appearance of this CM morphology is not restricted to amoeba C. carolinense cells, rather, it has been frequently reported in different cell types and tissues in association with an increase in cellular ROS levels [15] . Likewise, C. carolinense cells under starvation stress condition generated higher level of superoxide (figure 1b) and hydrogen peroxide [6] . As the free radical generation was observed to be greater in the starved C. carolinense, the antioxidant enzyme system was assumed to be upregulated in the starved cells, in order to diminish the oxidative damage caused by free radicals. Interestingly, the major cytoplasmic antioxidant enzyme system was found to be more active in fed cells compared with that in starved cells. With the exception of mitochondrial SOD, the activities of other antioxidants such as CAT and GPX were higher in fed cells ( figure 2) . SOD is an enzyme catalysing the dismutation of superoxide into hydrogen peroxide and oxygen. The presence of SOD enzyme activity in high levels in starved amoeba C. carolinense mitochondria may explain the tremendous generation of hydrogen peroxide in the starved amoeba C. carolinense [6] . Despite the lower antioxidant activities for a greater amount of free radical production, the starved C. carolinense shows lower lipid peroxidation and RNA damage.
It is likely that the lower levels of lipid peroxidation observed after starvation is attributed to the concurrent increase in the levels of plasmalogen lipids. It was reported that the levels of plasmalogen phosphatidylcholine (PC) were highly elevated after 7-day starvation [16] . Several studies have shown that plasmalogens have protective roles in lipid peroxidation [17, 18] . In an investigation by Sindelar et al. [18] , brain phospholipids with and without plasmalogens in separate liposomal systems were subjected to oxidative stress. The results revealed that in the presence of plasmalogens, biomarkers for lipid peroxidation were significantly decreased. This implies that plasmalogens protect polyunsaturated fatty acids from oxidative damage. Although the mechanism for this phenomenon has not been elucidated, it probably involves vinyl ether bonds in plasmalogens, which are more susceptible to oxidative attack than ester bonds in phospholipids [19] . The radical species formed during the peroxidation of vinyl ether bond may either be more stable or be less efficient to abstract hydrogen than alkyl radicals produced during the peroxidation of polyunsaturated fatty acids [18] . Also, it is likely that the oxygenated vinyl ether radical is broken down into water-soluble radical compounds, which are unable to further propagate the lipid peroxidation [18] .
On the other hand, it has been observed in this study that there is no significant difference between the protein carbonyl content in the cytosolic lysates of fed and starved amoeba C. carolinense. It is possible that degradation and repair mechanisms are in play to eliminate oxidized proteins, masking the differences in protein oxidation in fed and starved amoeba C. carolinense as a result. The assessment of DNA and RNA damage in fed and starved C. carolinense cells has revealed interesting results. It can be observed in figure 3 that 8-OHG levels are significantly lower in starved amoeba although there is no significant difference between 8-OHdG levels in fed and starved amoeba C. carolinense. 8-OHG and 8-OHdG measurements are indicative of RNA and DNA damage, respectively.
It has been shown previously that cubic mitochondria isolated from starved amoeba C. carolinense interact significantly with phosphorothioate ODNs. It is important to note that the ODNs used in this study are short and single stranded. Hence, they are similar to miRNA in the cell. As miRNA strands are localized in the cytosol in the same compartment as mitochondria in the cell [20] , it is possible that they possess the ability to accumulate within the CMs of starved amoeba C. carolinense. On the other hand, such interaction is not possible for nuclear DNA, which accumulate within the nucleus.
It is likely also that alterations in lipid content during the starvation period play a protective role against ROS. As shown earlier, CM transition of amoeba C. carolinense mitochondria upon food deprivation is accompanied by major changes in fatty acid composition [16] . In particular, docosapentaenoic acid (DPA) content increased by 1.6-fold during the fasting process and is the most distinguished fatty acid species in C. carolinense lipids under starvation conditions. Recent investigations show that very long chain polyunsaturated fatty acids (VLC-PUFAs) such as DPA may have antioxidant abilities. In one study [21] , it was noted that fatty acid micelles containing LC-PUFAs were able to scavenge greater amounts of superoxide anions than those containing saturated fatty acids. In another investigation [22] , it was observed that E. coli cells with elevated levels of LC-PUFAs were resistant to hydrogen peroxide. These cells exhibit lower intracellular concentrations of hydrogen peroxide than the control strain when treated with exogenous hydrogen peroxide [22] . It was postulated that the membrane-shielding effects observed in cells with elevated levels of LC-PUFAs may be attributed to the inherent structure of phospholipids that contain these fatty acids. It is probable that phospholipids containing both LC-PUFAs and saturated fatty acids form more hydrophobic interfaces between the phospholipid bilayers. This hydrophobic interface could prevent the entry of hydrogen peroxide, thus protecting biomolecules contained within from damage.
Apart from the increased levels of mSOD and DPA, it is important to reiterate that the mitochondrial inner membranes of starved amoeba C. carolinense are rich in plasmalogen PC. This phospholipid can be preferentially oxidized to produce a relatively stable radical, thus inhibiting the chain reaction initiated by ROS [17] . Hence, the increased plasmalogen PC content in mitochondrial membranes is possibly another factor that makes cubic mitochondrial particles in starved amoeba C. carolinense a good shield against ROS.
Taken together, there is a strong possibility that the CMs in the starved amoeba C. carolinense cells play a protective role against ROS attack. When oxidative stress increases during starvation, the inner mitochondria membranes in amoeba C. carolinense transit into cubic conformation [6] . Possibly, this leads to the accumulation of miRNA and alike molecule strands within the convoluted spaces of the CMs, which contain high levels of plasmalogen PC and DPA [16] . These lipid components might be involved in the shielding mechanism. Furthermore, mSOD in starved amoeba C. carolinense makes the internal compartments of the cubic mitochondria a safe environment against ROS.
The proposed mechanism for the role of CMs in macromolecule protection such as miRNA and possibly other forms of RNA (figure 5) might be supported by results from the in vitro experiment. It can be observed in figure 4 that in the absence of cubic mitochondria, 8-OHdG levels were approximately four times as much as that in the presence of cubic mitochondria. This implies that ODNs in the mixture without cubic mitochondria suffer higher levels of oxidative damage by superoxide anions generated from the Fenton reaction than in the mixture with cubic mitochondria. Possibly, the protection of ODNs observed in this experiment is due to their accumulation within the convoluted channels of the CMs ( figure 5 ). This is in line with the proposed mechanism as these ODNs were meant to represent short and single-stranded miRNA in the cell.
In conclusion, significantly low antioxidant enzymatic activities and intracellular lipid and RNA damage for a greater amount of free radical production were observed in starved amoeba C. carolinense when compared with the well-fed control. Thus, it seems unlikely that the antioxidant enzymes are the only protective mechanism involved in antioxidant defence system in amoeba C. carolinense. Possibly, some 'unknown' anti-ROS scavenger(s) induced in the amoeba C. carolinense system during starvation period is/are yet to be discovered. Moreover, the structural transition in the mitochondrial inner membrane to cubic organization seems to play an essential part in the cellular protective response to oxidative stress.
